By comparison with murine rodents such as rats, the middle ear structures of many subterranean mammals appear to be enlarged and thus adapted toward low-frequency sound transmission. However, comparison with closely related terrestrial outgroups has not always been undertaken, and apparent specializations in some cases might reflect phylogeny rather than habitat. Examination of the middle ear of the nonsubterranean degu (Octodon degus) under light microscopy revealed a septated middle ear cavity, a circular tympanic membrane lacking a pars flaccida, a malleus with elongated head, synostosed with the incus, a typically bicrurate stapes, and no stapedius muscle. Many of these features are shared with closely related, subterranean octodontoids in the genera Ctenomys (tuco-tucos) and Spalacopus (coruro). Caviomorph rodents in general share a very similar middle ear morphology, regardless of habitat, which suggests that sensitive low-frequency hearing is plesiomorphic for this group, rather than being specifically associated with a subterranean lifestyle.
Although many mammalian species construct burrows, some spend a considerable proportion of their lives underground and possess an array of prominent adaptations to this niche, most obviously including the structural development of the pectoral girdle and forelimb, and the reduction of eyes and external ears (Burda 2006; Lacey et al. 2000; Nevo 1979 ). The sensory adaptations of such animals to their subterranean environments are of physiological, ecological and evolutionary interest.
High-frequency airborne sound, above a few hundred hertz, has been shown to attenuate faster than lower frequencies in tunnels of subterranean rodents (Heth et al. 1986; Lange et al. 2007) , and so it has been considered adaptive for such animals to bias their vocalizations and hearing range toward low frequencies Burda et al. 1990 Burda et al. , 1992 Schleich et al. 2006; Schleich and Busch 2004) . Considering the middle ear apparatus as a simple resonant system, to increase sound transmission at low frequencies the compliance of the middle ear should theoretically be increased (Relkin 1988) . This can be achieved by increasing the bullar volume, increasing the area of the tympanic membrane, loosening the ligaments that hold the ossicles in place, or a combination of these. The middle ear apparatus of subterranean mammals characteristically includes a voluminous bulla, a large eardrum without a pars flaccida, a large stapes footplate area, lower acoustic transformer ratios, reduced or absent middle ear muscles, and loosely suspended ossicles Burda et al. 1992; Mason 2001; Schleich and Busch 2004; Schleich and Vassallo 2003) . Many of these features, collectively referred to here as the ''subterranean paradigm,'' have been interpreted as the result of selective pressure to improve audition of the low frequencies best transmitted underground. However, some have questioned whether the hearing of subterranean rodents is really specialized toward low frequencies. Heffner and Heffner (Heffner and Heffner 1990 , 1993 Heffner et al. 1994) conclude that low-frequency hearing is not unusually acute in the species tested, the low-frequency bias in their audiograms instead reflecting only a degeneration of high-frequency hearing. Could the choice of outgroup for comparison have affected the conclusions reached?
Studies of hearing in fossorial rodents have very often used rats or mice (family Muridae, subfamily Murinae) as ''acoustically unspecialized'' or ''generalized'' outgroups Brückmann and Burda 1997; Burda et al. 1988 Burda et al. , 1992 Lange et al. 2004; Müller et al. 1992) . Murine rodents have a similar ossicular morphology to shrews and bats, referred to as ''microtype,'' whereas other rodents tend to have ''freely mobile'' ossicles (Fleischer 1978) . The hearing ranges of microtype rodents typically extend to higher frequencies than those of freely mobile species, whereas microtype lowfrequency hearing is considerably more restricted (Heffner et al. 2001) . Microtype species can therefore be considered to be high-frequency specialists, which means that most nonmicrotype species, by comparison, would appear to exhibit low-frequency adaptations. However, many of the morphological features of the middle ear apparatus that constitute the subterranean paradigm are shared with nonsubterranean species, including in some cases the terrestrial relatives of the subterranean species in question (Burda 2006; Mason 2004) . This being the case, in order to conclude that a given middle ear is specialized toward low frequencies as a specific adaptation to life underground (as opposed to an exaptation- Gould and Vrba 1982) , it must first be demonstrated that it is not simply retaining structural characteristics that are plesiomorphic for the group to which that species belongs.
In the case of the talpid moles (order Soricomorpha, family Talpidae), there is evidence to suggest that the evolution of subterranean habits resulted in significant changes in middle ear structure, from an ancestral microtype morphology to a freely mobile condition (Mason 2006) . However, of the 5 suborders of rodents described by Carleton and Musser (2005) , the Myomorpha contains microtype species within the Muridae and Dipodidae, but no microtype species has apparently been identified in any of the other 4 suborders. It is therefore by no means clear that the microtype murine ear represents a good model for the ancestral state of any of the other suborders, nor that it can be considered ''unspecialized. '' This study focuses on the caviomorphs, a group of South American rodents within the suborder Hystricomorpha, infraorder Hystricognathi (see Table 1 ). Within this group, the ears of the subterranean specialists in the octodontoid genera Ctenomys (tuco-tucos) and Spalacopus (the coruro) have been the subjects of detailed recent investigations Mason 2004; Schleich et al. 2006; Schleich and Busch 2004; Schleich and Vassallo 2003) . The middle ear morphologies of these animals are consistent with the subterranean paradigm, but to what extent this reflects their caviomorph ancestry has been questioned Mason 2004) .
Among caviomorphs, middle ear structure and function in the guinea pig Cavia (superfamily Cavioidea) and Chinchilla (superfamily Chinchilloidea) are well described (Manley and Johnstone 1974; Rosowski et al. 2006; Ruggero et al. 1990; Vrettakos et al. 1988; Wysocki 2005; Zwislocki 1963 ), but the ears of octodontoids other than Ctenomys and Spalacopus have received scant attention. For that reason, we describe here the middle ear morphology of the degu, Octodon degus (Octodontidae). Degus inhabit open areas on Andean slopes up to 1,200 m above sea level, where they construct communal burrow systems with networks of tunnels leading to their feeding sites, but they are aboveground feeders and will climb into the lower branches of small trees and shrubs (Nowak 1999; Woods and Boraker 1975) . Commonly described as semifossorial, degus are not considered to be subterranean specialists (Ebensperger and Bozinovic 2000) . As an octodontoid, the degu represents a phylogenetically closer outgroup for comparison with Ctenomys and Spalacopus than any welldescribed rodent species. The middle ear apparatus of Octodon is also of intrinsic interest: the degu is a laboratory mammal of increasing popularity (Lee 2004) , which has already been used in studies of the auditory cortex (Braun and Scheich 1997; Thomas and Tillein 1997) , and which therefore might in the future represent an important laboratory model for hearing, like the guinea pig and chinchilla.
MATERIALS AND METHODS
The middle ears of 6 degus (Octodon degus), 2 chinchillas (Chinchilla lanigera), 4 guinea pigs (Cavia porcellus), and 5 rats (Rattus norvegicus) were dissected and examined under light microscopy. The degus and 1 chinchilla were obtained from a commercial breeder (Simon's Rodents, Abbotsley, Cambridgeshire, United Kingdom), the other chinchilla was a former pet, and the guinea pigs and rats were laboratory animals. All specimens were obtained as frozen corpses. After defrosting, the specimen was weighed and then decapitated. Both left and right ears were dissected and examined under a Motic binocular light microscope (Motic China Group, Co., Inc., Xiamen, People's Republic of China), using magnifications of up to 50Â. One degu found to have infected middle ears was rejected from the study. The malleoincudal complexes of the guinea pigs exhibited small, ossified growths in different positions, which may have been pathological sequelae, but otherwise all middle ears appeared healthy.
In each specimen, the jaw musculature was cut through and soft tissue removed to expose the auditory bullae. To measure bullar volume, a small opening was made in the ventral bullar wall and water was carefully injected into the middle ear cavity using a calibrated burette. Having opened the bulla further, any obscuring septa were removed, the tendon of the tensor tympani muscle was severed, and the lateral wall of the bulla was then removed to reveal the conducting apparatus. Digital photomicrographs were taken using a Moticam 2000 digital camera (Motic China Group, Co., Inc.) attached to the microscope, and measurements were made from these photographs using image analysis software (Motic Images Plus 2.0, Motic China Group, Co., Ltd.). The rotatory axis of the ossicles was taken to extend between the anterior process of the malleus and the short process of the incus; this was consistent with the motion of the ossicles on lightly touching the manubrium with a probe. The malleus and incus lever arm lengths were defined as the perpendicular distances from the rotatory axis to the tip of the manubrium or the center of the lenticular apophysis, respectively, and the anatomical lever ratio was defined as the malleus lever arm length divided by incus lever arm length. The anatomical area ratio was defined as the tympanic membrane area (considered as a flat surface contained within the tympanic annulus) divided by stapes footplate area. Ossicles were weighed on a Cahn 29 automatic electrobalance (Thermo Fisher Scientific, Inc., Waltham, Massachusetts). In preparing the figures, images actually of right structures were laterally inverted, to facilitate comparison. In order to compare relative sizes of middle ear structures, measurements made in this study were combined with data from the literature representing Ctenomys sociabilis (from Mason 2004; M. J. Mason, pers. obs.), Spalacopus cyanus (from Begall and Burda 2006) , and other members of the Hystricognathi and Murinae (collected by Mason 2001) . Graphs were constructed of middle ear measurements against body mass, and to facilitate visual comparison, best-fit trend lines were fitted to the murine data representing areas, ossicular masses, and cavity volumes using SigmaPlot 8.0 software (Systat Software, Inc., San Jose, California). Trend lines were not fitted to the area and lever ratio data, because these ratios are not expected to correlate with body size.
RESULTS
Octodon degus has rounded, floppy pinnae around 25 mm in length. The cartilaginous external auditory meatus is short and straight; the bony meatus is very short. The auditory bullae, which are relatively loosely connected to the rest of the skull, are elongated rostrocaudally, with a wider rostral end and tapering caudal end. There is no communication between right and left bullar cavities. The ventral surface of each bulla is composed of thin, translucent bone, through which are visible some of the internal septa that incompletely divide the middle ear into subcavities.
Within the middle ear cavity (Fig. 1) , the oval window containing the stapes footplate is located dorsocaudal to the cochlear promontory, and the round window is just ventral to this, within its recess (the cochlear fossula). The small body of the tensor tympani muscle lies within a shallow recess immediately rostral to the oval window; its long, thin tendon inserts on the manubrium of the malleus roughly one-third of the way down its length. The elongated, cartilaginous aperture of the muscle tube is located rostral to the promontory. The tympanic annulus is supported by 15-20 septa, radiating out from its circumference, and the tympanic membrane is therefore surrounded by the air-filled cavities contained between them ( Fig. 2A) . The nearly circular membrane appears to consist entirely of pars tensa, with no pars flaccida being visible.
The malleus ( Fig. 2A) has a bullet-shaped head that is elongated rostrally and excavated ventrally by a sulcus, of variable depth depending on the individual. Just beneath the head is a very delicate, triangular anterior process, articulated with the tympanic annulus toward its tip. The manubrium is almost perpendicular to the rotatory axis, and is attached along its entire length to the tympanic membrane. In cross section it has an I-beam structure. The malleus appears to be synostosed with the incus; the ossicles failed to separate even when significant pressure was applied to their articulation. The incus ( Fig. 2A) has a broad body with 2 conical processes, the tip of the long process supporting a small lenticular apophysis for articulation with the stapes. The stapes (Fig. 3A) is shaped like a triangular stirrup with 2 crura, each hollowed internally. The footplate is more than twice as long as it is wide, and is slightly convex toward the vestibule. No stapedial artery was observed, but a spicule of bone was found to pass through the intercrural foramen (Fig. 1B) . No stapedius muscle was present in any of the Octodon specimens examined.
The chinchilla and guinea pig middle ears share many of the same morphological features as that of the degu. All 3 species have an elongated malleus head extending rostrally from the malleoincudal articulation (Fig. 2) ; that of the chinchilla is relatively the longest, that of Octodon intermediate. All 3 possess a fused malleus and incus, a bony spicule passing through the intercrural foramen of the stapes, and all lack a pars flaccida. Unlike the degu, the guinea pig and chinchilla both retain a stapedius muscle, as well as the tensor tympani. Septa are present around the tympanic annulus of the chinchilla, but these are fewer and less prominent than in the degu; the guinea pig lacks septa. In absolute terms, the structures of the chinchilla ear are by some way the largest of the 3, those of the guinea pig being only slightly larger than those of the degu ( Table 2) .
The rat's middle ear morphology is strikingly different from that of the caviomorphs, the malleus in particular (Fig. 2D ) deviating considerably in shape. Rostral to the malleoincudal articulation extends a triangular lamina that becomes an elongated anterior process, firmly fused to the ectotympanic. The manubrium forms an angle of around 358 to the presumed rotatory axis, and there is a bony mass, the orbicular apophysis, at its base. The malleus and incus are readily separable. A roughly triangular pars flaccida is present, around one-fourth the area of the oval pars tensa with which it is continuous. The rat has well-developed middle ear muscles, and has a wide, unossified stapedial artery passing through the stapes. The middle ear cavity itself is relatively small, and is not subdivided by septa.
The graphs representing tympanic membrane area, stapes footplate area, ossicular mass, and middle ear cavity volume, plotted against body mass (Fig. 4) , show that these parameters in specialized subterranean hystricognaths (triangles) almost always fall above the trend lines fitted to the murine data points. However, this is also true of terrestrial hystricognaths (squares), which have ear structures of comparable size to their subterranean relatives. Area and lever ratios tend to be low in bathyergid mole-rats, but those of Ctenomys and Spalacopus are similar to those of murines and terrestrial hystricognaths.
DISCUSSION
The results of this study suggest that much of what little has been previously written about the middle ear of the degu is unreliable. The ear ossicles described by Doran (1878), said to be from a juvenile ''Octodon cumingii,'' are clearly not from a degu (Cockerell et al. 1914; Wood and Patterson 1959) . Parent (1980) provided a detailed description of the middle ear cavity of O. degus, but did not describe the conducting apparatus. He did not find a stapedius muscle in this species. Pye and Hinchcliffe (1976) asserted that the muscle is absent in O. degus, but stated elsewhere that it is contained within a bony cavity. We can here confirm the absence of the stapedius muscle in Octodon, and also that the stapes has a typically bicrurate structure, contrary to the claim that it is unicrurate (Pye and Hinchcliffe 1976) . We also found the malleus and incus to be inseparable in the adult degus examined, contra Wood and Patterson (1959) .
Among extant mammals there are 2 common ossicular morphologies (Fleischer 1978) : freely mobile ossicles are relatively loosely suspended within the middle ear cavity and lack an orbicular apophysis of the malleus, whereas microtype ossicles are more firmly attached to the ectotympanic via an expanded anterior process of the malleus, and an orbicular apophysis is present. Caviomorphs in general, including the subterranean genera Ctenomys and Spalacopus, possess freely mobile ossicles. This group is characterized by a bullet-shaped head of the malleus (Figs. 5A-E) and frequently synostosed malleus and incus Cockerell et al. 1914; Doran 1878; Mason 2004; Schleich and Busch 2004) . The relatively large bullae and tympanic membranes, and loosely suspended ossicles, are expected to reduce stiffness of the caviomorph middle ear and augment transmission of lowfrequency sound, a prediction that has received experimental support in the case of the chinchilla (Rosowski et al. 2006) . Although it has been suggested that the subcavities created by the presence of septa may serve to divide the middle ear into a number of Helmholtz resonators (Pye and Hinchcliffe 1976) , it has been shown that the presence of septa has only a small effect on the overall admittance of the chinchilla ear, at least at frequencies below around 1 kHz (Rosowski et al. 2006) . The septa presumably provide mechanical support for the bulla and tympanic annulus in this species, but might have a more significant effect on sound transmission in Octodon, Spalacopus, and Ctenomys, in which they are more prominent.
The behavioral low-frequency hearing limits in rodents with freely mobile ossicles typically range between around 32 and 125 Hz at 60 dB SPL, whereas their high-frequency limits typically extend up to around 60 kHz (Heffner et al. 2001) . The audition of guinea pigs and chinchillas follows this general trend; both have considerably lower hearing thresholds than the rat at frequencies under about 5 kHz (Heffner et al. 1971; Miller 1970) . Although the behavioral hearing range of the degu has never been directly examined, microelectrode (Mason 2004; M. J. Mason, pers. obs.) ; data for C. talarum are from Schleich and Busch (2004) ; data for Spalacopus cyanus are from Begall and Burda (2006 
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mapping of the auditory cortex shows neural responses to frequencies within the tested range of 100 Hz to 35 kHz, with lower frequencies (under 10 kHz) apparently being emphasized (Thomas and Tillein 1997) . This would be in agreement with the prediction, based on the close similarity of middle ear structures, that the hearing of degus resembles that of guinea pigs and chinchillas; degus are expected to have much better low-frequency hearing than rats. Turning to the question of whether middle ear structures in subterranean species are enlarged relative to terrestrial species, Ctenomys and Spalacopus certainly have larger middle ear structures in absolute terms than the rat, even though the rat is a larger animal (Table 2) . Their freely mobile ossicular morphology also is very distinct from the microtype morphology of the rat (Fig. 5) . All this suggests low-frequency specialization in the subterranean species. However, the middle ear structures of Ctenomys and Spalacopus are very similar in size to those of the closely related degu, Octodon, and they are substantially smaller than those of Cavia and Chinchilla in absolute terms (Table 2 ; Fig. 5 ).
Although sound transmission will be affected by the absolute rather than the relative size of the ear, it is of interest also to look for evidence of an increase in relative ear size in fossorial species, which would strengthen a hypothesis of specialization associated with the subterranean environment. Although the paucity of data, in particular for larger murines and smaller terrestrial caviomorphs, would render a detailed statistical analysis of questionable merit at the present time, the fact that the data points representing Ctenomys and Spalacopus consistently fall above the murine trend lines in Fig. 4 suggests that these subterranean species do indeed have larger ear structures than murine rodents, in relative as well as in absolute terms. Tuco-tucos also have been shown to possess relatively larger bullae than their less-fossorial Pliocene relative Actenomys (Schleich and Vassallo 2003) , suggesting that some expansion of the middle ear cavity may have occurred as they became FIG. 4 .-Relationships between middle ear parameters and body mass in hystricognath and murine rodents. Only 1 member of each genus is represented. Data for Octodon, Cavia, Chinchilla, and Rattus are from this study; data for Ctenomys are from Mason (Mason 2004; M. J. Mason, pers obs.) ; data for Spalacopus are from Begall and Burda (2006) ; data for Rattus cavity volume and for other species are from Mason (2001) . Key: triangles ¼ subterranean hystricognaths (open triangles ¼ Ctenomys and Spalacopus, filled triangles ¼ bathyergid mole-rats), squares ¼ terrestrial hystricognaths, M ¼ murine rodents. Trend lines have been fitted to the murine data points, with the exception of those relating to area and lever ratios. more specialized toward the subterranean niche. However, there is no evidence from the present study to suggest that the middle ear structures in either the examined Ctenomys species or Spalacopus are substantially larger in relative terms than those of other caviomorphs, including Octodon. Although the middle ears of Ctenomys and Spalacopus are likely to be more effective at transmitting low frequencies than those of rats because of their larger size, they do not appear to be unusual in comparison with their terrestrial relatives.
Area and lever ratios are classically considered to be related to the efficiency of middle ear impedance matching (Relkin 1988) ; as dimensionless ratios, they are not expected to correlate with body size, and indeed no clear relationship is obvious in Fig. 4 . These ratios are strikingly low in bathyergid mole-rats, potentially underlying reduced hearing sensitivity, but in Ctenomys and Spalacopus the absolute values of both of these ratios are within the terrestrial hystricognath range.
It has been proposed that reduced hearing sensitivity in fossorial mammals represents an adaptive compensation for the selective amplification of low frequencies in tunnels underground, the so-called ''stethoscope effect'' (Lange et al. 2007 ). This is difficult to reconcile with the convergently derived reduction or loss of middle ear muscles characteristic of subterranean mammals, given that contractions of these muscles reduce low-frequency sound transmission as part of the protective acoustic reflex (Møller 1974) . Indeed, whereas the ''stethoscope hypothesis'' contends that sensitivity is adaptively reduced in subterranean species, Schleich and Busch (2004) argue that the reduction of middle ear muscles in Ctenomys represents an adaptation toward low-frequency hearing underground. Given that Octodon (this study) and several other terrestrial octodontoid rodents (Parent 1976 (Parent , 1980 ) also lack a stapedius muscle, alternative explanations for the reduction of these muscles in octodontoids, unrelated to the context of a subterranean environment, should be sought.
Among the species considered in this study, wild Cavia and Chinchilla are usually considered to be nonburrowing (Ebensperger and Blumstein 2006) , although Chinchilla may construct small burrows under rocks (Spotorno et al. 2004) . Of the octodontoids, Octodon is semifossorial (Ebensperger and Bozinovic 2000) , whereas although considered subterranean specialists, Ctenomys species are known to forage above ground, and there is some evidence for aboveground activity in Spalacopus too (Begall et al. 2004; Busch et al. 2000) . These genera can loosely be ranked as Spalacopus . Ctenomys . Octodon . Chinchilla and Cavia, in order of decreasing fossoriality. The middle ear morphology is similar in all of these caviomorphs, however, and there is no clear evidence of either a relative or an absolute size increase in the morefossorial species. Indeed, Chinchilla arguably possesses the most specialized middle ear in terms of low-frequency hearing. Honeycutt et al. (2003) concluded that a subterranean lifestyle evolved twice within the octodontoids, once within the Aconaemys þ Spalacopus clade (Octodontidae), and independently within the Ctenomyidae, implying that their common ancestor was terrestrial. It is therefore likely that good low-frequency sensitivity, which appears to be characteristic of caviomorphs in general, first evolved for reasons other than the constraints imposed by a subterranean habitat; for example, the facilitation of communication over long distances in an open, arid environment has been proposed as a selective advantage of low-frequency hearing in chinchillas (Rosowski et al. 2006) . Increasing fossoriality seems not to have resulted in any significant changes in middle ear structure among caviomorphs, and so any advantage of the caviomorph ear with respect to the detection of low frequencies underground would appear to represent an exaptation to the subterranean habitat. Of course, other parts of the auditory system, not examined in the present study, might have been affected. It remains to be seen whether conclusions of subterranean specialization in the middle ears of other groups of rodents, including those more exclusively subterranean than Ctenomys and Spalacopus, withstand comparison of these ears with those of closely related terrestrial outgroups.
RESUMEN
En comparación con los roedores murinos, tales como las ratas, las estructuras del oído medio de varios mamíferos subterráneos pareciera ser mas grande, como adaptada para la transmisión de sonidos de baja frecuencia. Sin embargo, no se han hecho comparaciones de grupos terrestres de cercano parentesco, y aparentes especializaciones en algunos casos, que pudieran reflejar una filogenia, en vez del hábitat. El examen bajo la microscopía del oído medio de los degu (Octodon degus) no subterráneos, revela una cavidad del oído medio dividida, con una membrana timpánica circular sin pars flácida y un martillo de cabeza alongada, unido con el yunque, con un típico estribo bisecado y sin el músculo estapedio. Muchas de éstas características están compartidas con especies de cercano parentesco en el género Ctenomys (tuco-tucos) y Spalacopus (coruro). Los roedores caviomorfos en general comparten una morfología muy similar en el oído medio, sin importar el tipo de hábitat, lo que sugiere que la sensitividad auditiva de baja frecuencia es plesiomorfa en este grupo, en vez de estar específicamente asociada con la vida subterránea.
